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Abstract

Periodontitis, one of the most common infectious diseases in humans, is characterized by inflammation of the periodontal
tissue and subsequent destruction of the alveolar bone, which ultimately leads to tooth loss. Recently, it was revealed that the
osteoclastic bone damage that occurs during periodontitis is dependent on the receptor activator of NF-kB ligand (RANKL)
produced by osteoblastic cells and periodontal ligament cells. Immune cells provide essential cues for the RANKL induction
that takes place during periodontal inflammation. The knowledge accumulated and experimental tools established in the field
of “osteoimmunology” have made crucial contributions to a better understanding of periodontitis pathogenesis and, recipro-
cally, the investigation of periodontitis has provided important insights into the field. This review discusses the molecular
mechanisms underlying periodontal bone loss by focusing on the osteoimmune interactions and RANKL.
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Introduction

Epithelial barrier function is essential for the maintenance
of host-microbe homeostasis. The human body surface is
mostly covered by an epithelial layer, a physical barrier
functioning as the first line of defense against the invasion
of pathogens as well as commensal microbes. The human
oral barrier, which harbors around 700 bacterial species, is a
unique exception as the integrity of the epithelium is physi-
cally breached by the teeth, and thus is susceptible to the
infectious disease caused by oral bacteria, periodontitis [1,
2]. In severe periodontitis, oral bacteria and their compo-
nents flow into the bloodstream via the inflamed gingiva and
translocate to other organs [1, 2]. Thus, periodontitis may
not only cause tooth loss, but also can affect systemic health.
Epidemiological studies have suggested that periodontitis is
associated with various systemic conditions, such as diabe-
tes, cardiovascular diseases, adverse pregnancy outcomes,
Alzheimer’s disease and rheumatoid arthritis [1, 2].
RANKL (encoded by the Tnfsfll gene) is the master
regulator of osteoclast differentiation and function [1]. The
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indispensable role of RANKL in osteoclastogenesis was
demonstrated by the finding that RANKL-deficient mice as
well as RANKL-mutated patients exhibit osteopetrosis due
to a complete lack of osteoclasts [3, 4]. It was also shown
that RANKL-deficient mice were protected from bone ero-
sion during arthritis, indicating that osteoclast formation
under inflammatory conditions is also dependent on RANKL
[5-7]. Thus, an understanding of the mechanisms underlying
RANKL induction in periodontal lesions is vitally important
for developing future therapeutic strategies for periodontal
bone and tooth loss.

During periodontitis, immune cells accumulate in the
periodontal lesions and induce local inflammation and
osteoclastic bone damage. In 1972, Horton et al. reported
that immune cells stimulated by the dental plaque derived
from periodontitis patients produce osteoclast-activating fac-
tors, providing the first evidence for an interaction between
immune and bone cells [8]. Subsequently, Takayanagi et al.
explored the role of immune cells in bone damage in the
context of rheumatoid arthritis, and showed that T cells
can regulate osteoclastogenesis in a manner dependent on
the balance between and among the cytokines that T cells
produce [9]. This study explicitly illustrated the molecu-
lar mechanisms underlying the crosstalk between immune
and skeletal systems, and the term “osteoimmunology” was
coined by Arron and Choi to describe this interdisciplinary
research in 2000 [10]. The last two decades have witnessed
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a critical contribution of osteoimmunological research to
advances in the understanding the pathogenesis of and devel-
opment of therapeutic strategies toward bone destruction in
rheumatoid arthritis [1]. However, although the pioneering
work in this field was conducted in the context of periodon-
titis [8], the mechanisms and the role of osteoimmune cross-
talk in periodontitis were largely unclear until fairly recently.

The molecular pathogenesis of periodontal
inflammation

Periodontitis had long been considered to be an infectious
disease caused by pathogens such as Porphyromonas gingi-
valis (P.g.) based on the strong association of such pathogens
with the disease sites. However, recent studies have indi-
cated that periodontitis may not result from individual path-
ogens per se, rather from a dysbiosis of the oral commensal
microbiome, which perturbs host-microbe homeostasis at
the oral barrier [11]. Importantly, P.g. was shown to induce
periodontitis in specific-pathogen-free (SPF) mice but not in
germ-free (GF) mice, highlighting the essential role of the
commensal microbiome in the pathogenesis of periodontitis
[12, 13]. Furthermore, it was shown that an accumulation
of oral commensal bacteria induced by the placement of a
silk ligature around the tooth can cause severe periodonti-
tis without P.g. infection in SPF mice [14]. These findings
suggest that the alteration in the quality and quantity of the
oral commensal bacteria is critical for the development of
periodontitis.

Dysbiosis in the oral microbial community triggers a host
immune response at the oral barrier [15, 16]. It is well estab-
lished that CD4™" T cells play a central role in the immune
system. The importance of CD4* T cells in periodontitis has
been evidenced in a number of studies showing that animals
lacking CD4* T cells are protected from periodontal inflam-
mation and bone destruction [1]. Early studies proposed that
Thl cells may contribute to the tissue damage at an initial
stage of periodontitis, whereas Th2 cells may be involved
in disease progression [15]. However, Thl cells and Th2
cells potently inhibit osteoclast differentiation via the secre-
tion of IFN-y and IL-4, respectively [4]. Therefore, from
the osteoimmunological standpoint, it is difficult to construe
periodontal bone damage as a consequence of the activation
of Th1 or Th2 cells. Th17 cells and regulatory T (Treg) cells
are newly identified CD4* T cell subsets. Th17 cells play a
key role in the host defense against extracellular bacteria and
fungi by inducing the production of anti-microbial peptides
by epithelial cells, neutrophil recruitment and local inflam-
mation. Among CD4" T cell subsets, Th17 cells have been
shown to be the exclusive bone-damaging T cells capable
of promoting osteoclast differentiation [4]. Treg cells sup-
press excessive and/or prolonged immune responses, and
also potently inhibit osteoclastogenesis [4]. A previous

report showed that the induction of Treg accumulation in
the periodontal tissue can inhibit periodontitis in mice and
canines [17], suggesting that Treg cells have a capacity to
prevent periodontal inflammation but the function of Treg
cells might be suppressed during periodontitis. Intriguingly,
a certain population of Treg cells was shown to convert into
Th17 cells under inflammatory conditions [18]. Th17 cells
converted form Treg cells (called exFoxp3Th17 cells) have
a much stronger pro-osteoclastogenic activity than con-
ventional Th17 cells, and critically contribute to the bone
destruction associated with arthritis [18].

Recent studies showed that Th17 cells and exFoxp3Th17
cells markedly accumulate in periodontal lesions [2, 19].
The accumulation of these cells was shown to be dependent
on the oral commensal bacteria and the IL-6 produced by
periodontal stromal cells [2, 19]. Mouse models that lack
Th17 cells (Star3""* CD4-Cre mice and Rorc"/1°* Lck-
Cre mice), exFoxp3Th17 cells (116ra"/1* Foxp3-Cre mice)
and IL-17A/F (11174”1117 mice) developed less inflam-
mation and bone destruction during the course of periodon-
titis [2, 19]. In human patients, IL-177CD4* T cells were
found to be expanded in the periodontal lesions, and STAT3-
mutated patients with genetic defects in Th17 cell differen-
tiation were protected from periodontal inflammation and
bone loss [19]. It was also reported that Foxp3*1L-17* T
cells, which are considered to be in a transition state during
the conversion from Treg cells into exFoxp3Th17 cells, are
frequently observed in the periodontal lesions of patients
with severe periodontitis [20]. Antibiotic treatment was
shown to decrease the frequency of Foxp3*IL-17* T cells in
periodontitis patients [21]. In patients having both rheuma-
toid arthritis and periodontitis, blockade of IL-6R by Tocili-
zumab was shown to significantly inhibit periodontal inflam-
mation [22]. Leukocyte adhesion deficiency type 1 (LAD1)
patients develop severe periodontitis caused by an abnormal
expansion of Th17 cells in the periodontal tissues, leading
to a complete loss of adult teeth in most of the patients [23].
Ustekinumab, an antibody that binds to the p40 subunit of
IL-23 and IL-12, has been shown to ameliorate periodontitis
in LADI patients by inhibiting the activation of Th17 cells
in the oral mucosa [23]. These findings suggest that Th17
cells and exFoxp3Th17 cells play a central role in periodon-
tal inflammation.

In addition to CD4*% T cells, various types of other
immune cells are involved in the pathogenesis of periodon-
titis. Neutrophils are antimicrobial effector cells and abun-
dantly present in periodontal lesions. The precise coordina-
tion of neutrophil recruitment is essential for periodontal
tissue homeostasis, as evidenced by findings that either too
few or too many neutrophils exacerbate periodontitis in
mice and humans [16]. A previous report showed that bone
loss was partly inhibited in B cell-deficient mice in the late
phase, but not in the early phase of a murine periodontitis
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model, suggesting that B cells contribute to tissue damage in
chronic periodontitis [24]. Antigen presenting cells, includ-
ing dendritic cells and macrophages, support the develop-
ment of Th17 cells in periodontal lesions, and may also con-
tribute to inflammation and bone destruction by producing
inflammatory cytokines such as IL-1f [1].

Immune cells are also involved in the resolution of
inflammation. Th17 cells were shown to transdifferentiate
into Treg cells during the resolution phase of colitis, hel-
minth infection and multiple sclerosis [25]. Although it is
still unknown if the conversion from Th17 cells into Treg
cells contributes to the resolution of periodontal inflamma-
tion, the plasticity of CD4* T cells is likely to be involved
in both the exacerbation and remission of periodontitis.
Developmental endothelial locus-1 (DEL-1), an endothe-
lial cell-secreted protein inhibiting neutrophil recruitment,
is a key osteoimmune factor that suppresses both inflamma-
tion and osteoclastogenesis [26]. Macrophages were shown
to produce DEL-1 and thus to promote the resolution of
periodontitis by facilitating “efferocytosis”, a macrophage-
mediated clearance of apoptotic neutrophils [27]. Langer-
hans cells were reported to inhibit periodontal inflammation
by increasing the Treg cell number in periodontal tissues
via unknown mechanisms [28]. Gingival ydT cells were
also shown to promote the healing of periodontal lesions by
producing amphiregulin [29]. Epithelial cells and plasma
cells express IL-37 in human periodontal tissue [30]. Spe-
cific variants of the IL-37 gene locus with decreased IL-37
expression were shown to be associated with high IL-1p
levels in the gingival crevicular fluid and the severity of
periodontitis, suggesting that IL-37 has an inhibitory effect
on periodontal inflammation [30].

These findings highlight the importance and complexity
of the immune cell network in the pathogenesis of periodon-
titis. Further studies are needed to gain a comprehensive
picture of how immune cells contribute to the physiology
and pathology of the oral barrier system.

The cellular sources of RANKL and the mechanisms
underlying periodontal bone loss

Since RANKL is the master regulator of osteoclastogen-
esis and play an essential role in osteoclast-associated dis-
eases, researchers in the field of periodontology have long
explored the cellular source of RANKL and the mecha-
nisms underlying RANKL induction during periodontitis
[31, 32]. The levels of RANKL mRNA in the periodontal
tissue and RANKL protein in the gingival crevicular fluid
are associated with the severity of periodontitis in patients
[31, 32]. Among the cells that constitute the periodontal tis-
sue, osteoblasts, osteocytes, periodontal ligament cells and
gingival epithelial cells have been shown to have the capac-
ity to support osteoclastogenesis by producing RANKL in
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in vitro co-culture systems [33-36]. Previous reports of stud-
ies using immunohistochemical analyses with anti-RANKL
antibodies proposed that RANKL is expressed in B cells, T
cells, fibroblasts and epithelial cells in periodontal tissues
[37, 38]. However, the expression level of the RANKL pro-
tein is very low even in osteoblastic cells, and the detection
of RANKL by immunohistochemistry is technically diffi-
cult. In situ hybridization experiments showed that RANKL
mRNA is expressed in mesenchymal cells adjacent to the
alveolar bone during periodontitis [2] (Fig. 1).

RANKL is synthesized in a membrane-bound form, and
cleaved into its soluble form by proteases. Although both
forms can function as agonistic ligands for the receptor
RANK, RANKL is considered to be mainly functional in
its membrane-bound form [4]. Importantly, physiological
bone remodeling was normal in Tnfsf1 74525 mice, in which
the soluble form of RANKL is absent and only membrane-
bound RANKL exists, indicating that soluble RANKL is
dispensable for bone homeostasis at steady state [39]. How-
ever, certain reports have proposed that soluble RANKL
plays a major role in periodontal bone loss based on in vitro
experiments [37, 40]. It is important to know which form of
RANKL contributes to periodontal bone loss to understand
the anatomical localization of cellular sources of RANKL
in periodontitis. For instance, if the membrane-bound form
plays a major role, RANKL-producing cells should be local-
ized in close proximity to the alveolar bone, and the con-
tribution of RANKL expressed in cells that do not come
into contact with bone, such as epithelial cells and most
hematopoietic cells, may be ruled out. Indeed, it was shown
that there is no difference in periodontitis-induced bone loss
between Tnfsf11°5*S mice and wild-type mice, indicating
that the contribution of soluble RANKL is negligible in
periodontal bone loss [2]. Therefore, the cellular sources
of RANKL are suggested to be in direct contact with the
alveolar bone.

To identify the major sources of RANKL in periodontitis,
RANKL-floxed mice were crossed with various Cre lines
specific to B cells (Mb1-Cre), T cells (CD4-Cre), osteoblas-
tic cells (Sp7-tTA-tetO-Cre) and periodontal ligament cells
(Scleraxis-Cre) [2]. An inducible Cre system (Sp7-tTA-tetO-
Cre) was used for deleting RANKL in osteoblastic cells,
because the RANKL on osteoblastic cells is essential for
tooth eruption [41]. In the Sp7-tTA-tetO-Cre system, Cre
recombinase is expressed only when a tetracycline-con-
trolled transactivator (tTA) binds to a tetracycline responsive
element (tetO) in the absence of doxycycline (Dox) [2]. Sp7-
tTA-tetO-Cre mice crossed with RANKL-floxed mice were
treated from the prenatal period with Dox, which was with-
drawn at the age of 3 weeks [2] (Fig. 2). The RANKL condi-
tional knockout mice were subjected to the ligature-induced
periodontitis at the age of 8 weeks and alveolar bone was
analyzed 10 days after the ligature placement in all groups
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Fig. 1 Histological analysis of RANKL expression in the periodon-
tal lesion. In situ hybridization of Tnfsf11 mRNA in the periodontal
tissues of control mice or periodontitis-induced wild-type mice (5
days after the ligature placement). The black arrows indicate osteo-
clasts (multinucleated giant cells) and the black arrowheads indicate
RANKL-expressing mesenchymal cells, including osteoblastic cells
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(cuboidal cells on the alveolar bone surface) and periodontal liga-
ment fibroblasts (spindle-shape cells connecting teeth to the alveolar
bone). H&E haematoxylin and eosin stain, T tooth; AB alveolar bone.
A representative image of more than three independent experiments
is shown
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Fig.2 Osteoblastic cells and periodontal ligament cells are the major
source of RANKL in periodontal bone loss. a Schematic of the
experimental system for the ligature-induced periodontitis model in
the RANKL conditional knockout mice [2]. b, ¢ Periodontal bone
loss evaluated by micro-CT analysis (b) and osteoclast number in
the maxilla evaluated by histological analysis (¢) in control mice
(Tnfrsf11flox/flox) and RANKL conditional knockout mice in which

[2]. Periodontitis-induced bone loss and osteoclast develop-
ment were markedly suppressed when RANKL was deleted

RANKL was specifically deleted in B cells (Tnfrsf11flox/flox Mbl1-
Cre), T cells (Tnfrsfl1flox/flox Cd4-Cre), periodontal ligament cells
(Tnfrsfl11flox/flox Scx-Cre) or osteoblastic cells (Tnfrsfl1flox/flox
Sp7-Cre) [2]. Statistical analyses were performed using ANOVA with
Dunnett’s multiple-comparison test. ¥P <0.05; ***P <0.005; N.S. not
significant

in Sp7-Cre expressing osteoblastic cells and Scleraxis-Cre
expressing periodontal ligament cells, indicating that these
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mesenchymal cells are the major source of RANKL in peri-
odontitis [2] (Fig. 2). However, since periodontal ligament
cells contain progenitor cells that give rise to osteoblas-
tic cells [42], and Sp7*/Scleraxis®, Sp7*/Scleraxis™ and
Sp7/Scleraxis® cell populations are present in the peri-
odontal tissue [43], it is difficult to rigorously discriminate
between periodontal ligament and osteoblastic cells using
the Sp7-Cre and Scleraxis-Cre systems. Further studies are
required to clarify relative contribution of RANKL on peri-
odontal ligament and osteoblastic cells to periodontal bone
loss. Another study also showed that RANKL-floxed mice
crossed with DmpI-Cre mice, in which Cre recombinase
is expressed in osteoblastic cells including osteoblasts and
osteocytes, were protected from periodontitis-induced bone
loss [44].

Among the T-cell subsets, exFoxp3Th17 cells express
RANKL most highly at both the mRNA and protein lev-
els [2, 18]. exFoxp3Th17 cells highly express membrane-
bound RANKL as well as adhesion molecules such as inte-
grins, having a capacity to directly come in contact with
osteoclast precursor cells [2, 18]. Periodontitis-induced bone
loss and osteoclast formation were significantly reduced
when RANKL was deleted in T cells, but not in B cells
[2]. However, the effect of RANKL deletion in T cells was
less than the deletion of RANKL in mesenchymal cells
[2] (Fig. 2). Previous studies showed that IL-17 stimulates
RANKL expression in osteoblastic cells and periodontal
ligament cells [45, 46]. Thus, it is likely that Th17 cells
and exFoxp3Th17 cells contribute to periodontal bone loss,
mainly by inducing RANKL expression on mesenchymal
cells via IL-17 production.

Osteoprotegerin (OPG), a decoy receptor for RANKL, is
a key osteoprotective factor playing a central role in bone
homeostasis. Oral bacteria- and osteoclast-derived proteases
were shown to cleave OPG and promote osteoclastogenesis
in vitro [47-49]. OPG-deficient mice spontaneously devel-
oped severe alveolar bone loss [50], suggesting that not only
the up-regulation of RANKL, but also the down-regulation
and/or degradation of OPG is involved in periodontal bone
loss. OPG is reported to be highly expressed in osteocytes
in periodontal tissues [50], but recent studies using OPG-
floxed mice showed that osteoblasts, but not osteocytes, are
the primary source of OPG in the long bones and vertebral
bones [51, 52]. Further studies are needed to specify the cel-
lular source of OPG in alveolar bone homeostasis. Immune
cell-derived inflammatory cytokines such as IL-17, TNF and
IL-1p, as well as bacterial components (e.g., lipopolysac-
charides) were reported to up-regulate the RANKL/OPG
ratio in osteoblastic cells and periodontal ligament cells
[1], so these factors may critically contribute to bone dam-
age by inducing osteoclast formation on the alveolar bone
during the course of periodontitis (Fig. 3). These findings
suggest that therapeutic approaches targeting immune cells
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and RANKL, together with appropriate infection control,
may be a promising strategy to prevent bone damage in
periodontitis.

The evolutionary origin of inflammatory bone
destruction-a hypothesis

In rheumatoid arthritis, Th17-cell-mediated bone damage
is exclusively pathogenic, but it may be related to the host
defense machinery against bacterial infection in the context
of periodontitis. During periodontitis, Th17 cells, including
exFoxp3Th17 cells, eradicate oral bacteria in two different
ways. First, they evoke anti-bacterial responses, inducing
anti-bacterial peptides as well as neutrophil chemo-attract-
ants in oral epithelial cells. Second, they stop prolonged
infection and inflammation by promoting osteoclastic bone
resorption, leading to the ejection of the diseased-tooth
which is the source of infection (Fig. 3). Indeed, tooth loss
completely terminates periodontitis-induced local inflam-
mation and the systemic dissemination of oral bacteria [2].
Needless to say, the teeth are essential and non-substitutable
organ for humans. Since tooth loss has adverse effects on
human health, it is difficult to say whether the infection-
driven tooth loss is ultimately “beneficial”. However, in the
short run, it may well be. It is reported that osteopetrotic
patients with severe periodontitis develop prolonged infec-
tion and life-threatening osteomyelitis of the jaw, which is
treated by extraction of the diseased-tooth and antibiotic
treatment [53]. Medication-related osteonecrosis of the jaw
(MRONY) is one of the most serious side effects of anti-bone
resorptive drugs. Although tooth extraction has been consid-
ered a potential trigger for the onset of MRONIJ, recent stud-
ies have suggested that local infection, but not tooth extrac-
tion itself, is the key risk factor [1]. From an evolutionary
point of view, most of vertebrates are polyphyodonts, which
means they can continually replace lost teeth. Infection-
driven tooth loss is also observed in ancient reptiles, and the
Tnfsfl1 and 1l17a genes are widely conserved across species
ranging from jawed fishes to humans [54, 55]. These find-
ings suggest that the bone loss mechanism exerted by Th17
cells may have emerged as a primitive host defense mecha-
nism for stopping prolonged bacterial infection at the oral
barrier, a system which has been evolutionarily conserved
from polyphyodont animals with substitutable teeth [1, 55].

Concluding remarks

Periodontitis is a unique osteoimmune disease in which
RANKL links the antibacterial immune response to bone
destruction. There are few other conditions in which infec-
tion occurs around the bone, other than periodontitis. The
field of osteoimmunology has developed and progressed
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Fig.3 Molecular mechanisms of bone destruction in periodonti-
tis. Poor oral hygiene and P.g. (Porphyromonas gingivalis) induce
dysbiosis in oral microbial communities. Oral bacteria systemi-
cally disseminate via the inflamed gingiva, adversely affecting vari-
ous systemic conditions. Oral bacteria and their components (e.g.,
lipopolysaccharides: LPS) stimulate innate immune cells such as
macrophages and dendritic cells as well as periodontal ligament cells.
Periodontal ligament cells produce IL-6, which induces the accumu-
lation of Th17 cells and exFoxp3Th17 cells in the oral mucosa. They
in turn produce IL-17, which contributes to the eradication of oral

with investigations into the mechanisms underlying bone
damage associated with autoimmune arthritis, and sub-
stantially contributed to a better understanding of the
pathogenesis of inflammatory bone diseases, including
periodontitis. Since the primary role of the immune system
is to provide host defense against pathogens, the investiga-
tion of periodontitis will help illuminate the “true nature”
of the interactions between immune cells and bone cells,
which cannot be understood by arthritis research alone.
Periodontal research is now one of the critical domains of
the field of osteoimmunology. Future investigations into
the molecular mechanisms of periodontitis will provide
key insights that will contribute to advances in therapeutic
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bacteria by inducing antibacterial peptides and neutrophil chemo-
attractants in the gingival epithelial cells. IL-17 also stimulates oste-
oclastic bone resorption by inducing receptor activator of nuclear
factor-kB ligand (RANKL) in osteoblasts and periodontal ligament
cells. Bacteria-derived proteases degrade osteoprotegerin (OPG).
Other inflammatory cytokines such as the IL-1 and TNF produced
by macrophages and dendritic cells as well as bacterial products also
stimulate periodontal ligament cells and osteoblasts so as to increase
the RANKL/OPG ratio, promoting osteoclastic bone erosion

strategies not only for periodontitis, but also for various
diseases in which bone and/or immune cells are involved.
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